DNA microarray is a powerful tool allowing simultaneous detection of many different target molecules present in a sample. The efficiency of the array depends mainly on the sequence of the capture probes and the way they are attached to the support. The coupling procedure must be quick, covalent, and reproducible in order to be compatible with automatic spotting devices dispensing tiny drops of liquids on the surface. We compared several coupling strategies currently used to covalently graft DNA onto a glass surface. The results indicate that fixation of aminated DNA to an aldehyde-modified surface is a choice method to build DNA microarrays. Both the coupling procedure and the hybridization efficiency have been optimized. The detection limit of human cytomegalovirus target DNA amplicons on such DNA microarrays has been estimated to be 0.01 nM by fluorescent detection.
DNA chip technology uses microscopic arrays of DNA molecules immobilized on solid supports for biomedical analysis such as gene expression analysis, polymorphism or mutation detection, DNA sequencing, and gene discovery (1) .
Several approaches can be used to prepare microarrays. DNA can be synthesized in situ on a glass surface using combinational chemistry (2) . This method typically produces microarrays consisting of groups of oligonucleotides ranging in size from 10 to 25 bases whereas chips prepared by microdeposition with a robot are usually composed of 0.5-to 2-kb cDNAs amplified by polymerase chain reaction (PCR). 2 Mechanical microspotting uses passive (pins) or active (ink jet nozzles) devices to deliver small quantities of DNA onto known regions. A major advantage of the deposition technology compared to the in situ synthesis is the possibility of preparing microarrays with long capture probes which give higher hybridization yields on a solid support (3) .
Primarily due to its low fluorescence, transparency, low cost, and resistance to high temperature, glass is a popular material for DNA chip technology (4) . Glass surfaces can be modified by silane chemistry to introduce specific functions such as amino groups, epoxide, carboxylic acid, and aldehyde. In addition, glass offers a number of practical advantages over porous membranes and gel pads. As liquids cannot penetrate the surface of the support, target nucleic acids have direct access to the probe without internal diffusion (5) . Microscope slides are commonly used in laboratories because they are easy to handle and adaptable to automatic readers.
A variety of noncovalent coupling chemistries have been used to bind DNA onto glass such as polylysine coating (6) or hydrophobic interaction (7) . However, in these cases, DNA films are susceptible to removal from the surface under high salt or high temperature con-ditions. Covalent binding methods are thus preferred. Usually, DNA is cross-linked by ultraviolet irradiation to form covalent bonds between thymidine residues in the DNA and positively charged amino groups added on the functionalized slides (8) . However, the location and the number of fixation sites of the DNA are not well defined so that the length and the sequences available for subsequent hybridization can vary with the fixation conditions. An alternative method is to fix DNA molecules at their extremities. Thus, carboxylated (9) or phosphorylated DNA (10) can be coupled on aminated supports as well as the reciprocal situation (11) . Amino-terminal oligonucleotides can also be bound to isothiocyanate-activated glass (12) , to aldehyde-activated glass (13), or to glass surfaces modified with epoxide (14) . Thiol-modified or disulfide-modified oligonucleotides have also been grafted onto aminosilane via a heterobifunctional crosslinker (15) or on 3-mercaptopropylsilane (16) . However, in these cases, the binding at high temperature was unstable. Recently, a more elaborate chemistry has been proposed for the construction of tethered molecules on glass to which DNA can be attached (17) . A situation in which the accessibility of a tethered single-stranded probe covalently attached to the surface could be combined with the specificity of a long probe would represent a breaktrough in the field of DNA chips.
In this paper we compare several methods of covalent coupling of DNA on activated glass, namely, the carbodiimide-mediated coupling of aminated, carboxylated, and phosphorylated DNA on carboxylic acid or amine-modified glass supports and the binding of aminated DNA to aldehyde-activated glass.
MATERIALS AND METHODS

Chemicals and Buffer
2-(N-morpholino)ethanesulfonic acid (Mes) and 1-methylimidazole (MeIm) were from Acros Chimica (Beerse, Belgium). Ethanol, maleic acid, NaCl, and SDS were from Merck (Darmstadt, Germany). 3-Aminopropyltrimethoxysilane, triethylamine solution, undecenoyl chloride, trifluoroethanol, anhydrous ether, trichlorosilane, and hexachloroplatinic acid were from Aldrich Chemical (Milwaukee, WI). NaBH 4 , EDC, Tween 20 and streptavidin-Cy3 were from Sigma (St. Louis, MO). NHSS was from Pierce (Rockford, IL). Gloria milk powder was from Nestlé (Vervey, Switzerland). [␣-32 P]dCTP was from Dupont de Nemours (Boston, MA). Oligonucleotides were purchased from Eurogentec (Seraing, Belgium). Silylated (aldehyde) and silanated (amine) microscope slides were from Cell Associates (Houston, TX). Untreated glass slides were purchased from Knittel Glä ser (Germany). The arrayer used was a Charlyrobot model with 250-m pins from Genetix (UK). DPX was from BDH Chemicals (UK).
The streptavidin-peroxidase conjugate, substrate tetramethylbenzidine (TMB) and stop solution were from Medgenix (Fleurus, Belgium). The liquid scintillation analyzer LS 60001C was from Beckman Instruments (Fullerton, CA); Aqualuma was from Lumac LSC (Groningen, Netherlands) and the colorimetric microplate reader Model 3550 from Bio Rad (Hercules, CA). The microarray fluorescent reader was a Scanarray 3000 from General Scanning (Watertown, MA).
Glass Cleaning and Silanization
Glass cleaning. Glass slides were cleaned for 30 min in a solution consisting of one-third hydrogen peroxide (30%) and two-thirds sulfuric acid (18 M), rinsed in distilled water, left for 10 min in boiling distilled water, dried under an argon flow, and used immediately.
Amino-silane modification. Precleaned microscope slides were immersed in a 90% methanol/water solution containing 2% 3-aminopropyltrimethoxysilane for 30 min. Slides were washed three times with methanol/ water, three times with methanol, and three times with water and finally dried for 45 min at 120°C.
Carboxylic acid and aldehyde-covered microscope slides. The slides were prepared using TETU (Cl 3 Si(CH 2 ) 10 COOCH 2 CF3) which has been synthesized by Jeanmart et al. (18) . In short, in a 50-ml double-necked flask, 1.12 g (11 mmol) of freshly distilled triethylamine was added to an ice-cooled and stirred solution of 2.02 g (10 mmol) of undecenoyl chloride in 10 ml of anhydrous ether under argon, followed by 1.1 g (11 mmol) of 2,2,2-trifluoroethanol. The mixture was stirred for another 30 min at room temperature, filtered on celite, washed (3 ϫ 20 ml) with water, dried on magnesium sulfate, and evaporated under reduced pressure. TEU (2.5 g (94%), colorless liquid) was obtained.
TETU had been prepared using the following procedure. A mixture of 2.39 g of TEU (9 mmol), 5.42 g of trichlorosilane (40 mmol), and a catalytic amount of hexachloroplatinic acid was stirred under argon atmosphere 2.5 h at room temperature. Excess trichlorosilane was evaporated. The crude product was purified by distillation under reduced pressure (0.2 mbar, 165°C) to obtain 3.07 g (85%) of TETU (colorless liquid).
Once grafted on glass surfaces, the carboxyl modification can easily be carried out by transformation of terminal ester groups into carboxylic acid or aldehyde groups as described below (18, 19) .
Precleaned microscope slides were immersed for 1 h in a 10 Ϫ3 M solution of TETU in toluene. The samples were then ultrasonically cleaned by three consecutive steps (10 min each) in fresh toluene and dried in an argon flow.
The carboxylic acid terminal groups were obtained by hydrolysis of ester-functionalized slides by immersion into 8 M HCl solution at 95°C for 2 h. The samples were then ultrasonically cleaned through three consecutive steps (10 min each) in distilled water, dried under an argon flow.
The aldehyde functions were obtained in two steps: the reduction of the ester groups into alcohol groups followed by oxidation by PCC (pyridinium chlorochromate).
The reduction of the ester monolayer was carried out by dipping the ester-functionalized slides into an 2 ϫ 10 Ϫ1 M anhydrous ethereal solution of LiAlH 4 . After 2 h, the slides were removed, immersed into a 10% HCl solution during 1 h, rinsed twice with distilled water and once with acetone, and then dried for 10 min in an oven at 120°C. The so-obtained hydroxyl-terminated slides were placed in a 10 Ϫ1 M solution of PCC in anhydrous dichloromethane for 2 h. The aldehydefunctionalized slides were rinsed under sonication in three consecutive steps (10 min each) in fresh dichloromethane and once by water (5 min), dried in an argon flow, and stored under vacuum before use.
Target DNA and Capture Probe Synthesis
Cytomegalovirus DNA was used as target for this study. Target DNA and capture probes were synthesized by PCR within exon 4 of the major immediateearly gene of HCMV as described elsewhere (3). Target DNA was biotinylated by the incorporation of biotindUTP in a ratio to dTTP of 1:1 in the PCR mixture. The length of the amplicons was 435 bp.
The capture probes were synthesized by using one modified primer bearing an amine, a carboxylic acid, or a phosphate group at its 5Ј end. The length of amplicons was 255 bp with one strand bearing at its 5Ј end the specific chemical function. Radioactive labeling was carried out by the incorporation of [␣-32 P]dCTP during the PCR amplification. Amplified DNA was separated from unincorporated nucleotides and primers by chromatography on High Pure PCR Product Purification Kit (Boehringer, Mannheim, Germany). DNA concentration was then measured by its absorbance at 260 nm. The purity of the fragment was checked by agarose gel electrophoresis. Radiolabeled DNA was mixed with unlabeled DNA in a ratio of one to 10.
DNA Immobilization
Fixation of phosphorylated DNA to aminated glass. DNA capture probe was immobilized according to the procedure described elsewhere for the grafting of phosphorylated DNA to aminated polystyrene (10) . A surface of 25 mm 2 was used in each experiment. In short, phosphorylated capture probes were denatured for 10 min at 100°C and used at a concentration of 10 nM in 10 mM MeIm, pH 7.5, containing 10 mM EDC. Of the DNA solution 5 l was then dispensed onto the 25-mm 2 aminated glass surface and incubated at 60°C for 5 h in a humid chamber. After incubation, glass samples were washed twice with 5ϫ SSC, 0.25% Tween 20 prewarmed at 50°C and then incubated 3 min with prewarmed water at 95°C to obtain glass-bound singlestranded capture probes. Quantification of the binding was done by counting the amount of 32 P-DNA bound to the glass support with a liquid scintillation counter. Nonradioactive samples were stored dried at 4°C.
Fixation of aminated DNA to carboxylated glass or carboxylated DNA to aminated glass. Optimized protocol for such carbodiimide activation has been described elsewhere (20) . In short, aminated or carboxylated capture probes were denatured for 10 min at 100°C and diluted to a concentration of 50 nM in 0.1 M Mes buffer, pH 6.5, containing 5 mM EDC and 0.33 mM NHSS. Of DNA solution 5 l was dispensed onto carboxylated or aminated 25-mm 2 glass surface and incubated for 2 h at 20°C in a humid chamber. Washing and denaturation procedures were then performed as described above.
Fixation of aminated DNA to aldehyde glass. A modified version of the protocol described by Schena et al. was used to improve the coupling yield of the grafting of aminated DNA to aldehyde-derivatized glass (13) . Aminated capture probes were denatured for 10 min at 100°C and diluted to a concentration of 200 nM in 0.1 M Mes buffer, pH 6.5. Of DNA solution 5 l was dispensed onto the aldehyde glass surface and incubated for 1 h at 20°C in a humid chamber. For microarray production, the aminated DNA was printed onto the silylated microscopic slides with a robotic device. The spots were 400 m in diameter and the volume dispensed was about 1 nl. The distance between two adjacent spots was 600 m. After incubation, glass samples were washed once with 0.1% SDS, twice with water, and then incubated for 5 min with sodium borohydride solution (2.5 mg NaBH 4 dissolved in 750 l of PBS and 250 l of 100% ethanol) and 3 min with water heated to 95°C.
Hybridization and Detection
The hybridization and colorimetric detection were performed under conditions used for the microwells (3). Glass samples bearing the covalently fixed capture probes were put into microtubes containing 20 fmol of biotinylated target DNA in 300 l of hybridization solution. Samples were denatured at 95°C for 5 min before hybridization was carried out at 65°C for 2 h. The colorimetric solution obtained from the peroxidase reaction with TMB was transferred to a microplate reader and read at 450 nm.
Hybridization on DNA microarrays was performed in 5 l solution between slides and coverslips sealed with DPX. A streptavidin-Cy3 conjugate (500ϫ diluted) was used for detection. The emission of fluorescence was detected with a confocal scanner (Scanarray 3000). For signal to background ratio calculations, the NIH Image 1.62 program was used to sum pixel intensities of each spot image.
RESULTS
Support Chemistry
The chemistry of covalent binding of DNA probes on the functionalized glass for the purpose of array formation must meet several criteria: the binding should involve one extremity of the DNA molecule and be long enough to eliminate undesirable steric interferences from the support. The different surface chemistries compared in the present study are summarised in Fig.  1 . The supports used were commercial glass-NH 2 , synthesized glass-NH 2 , synthesized glass-COOH, commercial glass-CHO, synthesized glass-CHO.
Comparative DNA Binding and Hybridization Efficiency
The different DNA probes were labeled with 32 P and incubated with different derivatized surfaces. For carbodiimide-mediated bindings, background was determined by carrying out the reaction in the absence of EDC (EDCϪ) while in the aldehyde assay, phosphorylated DNA was used as negative control.
Results of the DNA binding are shown in Fig. 2A . DNA coupling was obtained for all strategies, but with different yields. On aminated glass (bars 1-3), fixation of DNA was very good especially with carboxylated DNA since 700 fmol of probes could be fixed per square centimeter (bar 3). However, in this case, the nonspecific binding (without EDC) was as high as the test. This is probably due to the electrostatic attraction between the negatively charged DNA and the positive surface. The procedure using phosphorylated DNA is not suitable for microarray production since it requires a high temperature (60°C) and a long incubation time (5 h). A reduction of the temperature and the incubation time decreased the coupling efficiency by a factor of 10 (data not shown).
On neutral (aldehyde functions) or negative (carboxylic functions), such nonspecific bindings were not observed. Indeed, DNA probes could be fixed specifically either on the aldehyde (bars 5 and 6) or even better on the carboxylated surface (bar 4). A similar yield was obtained with the aldehyde commercial (bar 5) or synthesized slides (bar 6).
Capture probes bound on glass surfaces by one of their extremities offer an ideal configuration for hybridization with their complementary strands. The ac- cessibility of the capture probes was checked by performing a hybridization assay. Hybridization with 20 fmol of biotinylated target DNA and colorimetric detection were then carried out under the same conditions for the different coupling strategies (Fig. 2B) . The hybridization signals were between 0.25 and 0.37 OD in all cases. All samples gave similar hybridization yields even if the number of capture probes was different, indicating that those were not the limiting factors for the hybridization.
The spacer arm between the support and the capture probe contains 3 carbons for aminated glass and 11 carbons for carboxylated glass and aldehyde-functionalized glass. The results of hybridization to these supports are also shown in Fig. 2B . The hybridization signals were only slightly higher when the longer spacer arm was used. This could be explained by the long capture probes employed (255 bp) which could themselves work as spacer arms.
In conclusion, the coupling of aminated DNA to glass supports modified with aldehyde is certainly the best practical method to make DNA microarrays and it does not require any coupling agent which could be a source of variability during the spotting with an automatic device. So we selected this coupling procedure for further experiments.
Effect of the DNA Concentration
The surface density of the DNA capture probe is expected to be an important parameter for obtaining optimal hybridization. A low surface coverage would presumably yield a low hybridization signal and decrease the hybridization rate. Conversely, high surface densities might result in steric interference between the covalently immobilized probes, impeding access to the target DNA strand. To evaluate these parameters, different concentrations (ranging from 10 to 3000 nM) of a 5Ј amino capture probe labeled with 32 P were incubated with an aldehyde-modified glass surface during 4 h. Nonspecific binding was determined using phosphorylated DNA. The resultant surface density was quantified by scintillation counting of the corresponding region of the glass slide (shown in Fig. 3A) . These results show a nonlinear relationship between the DNA concentration and the surface density with a maximum corresponding to 500 nM of the DNA probe solution. The maximal density of the probe corresponds to 600 fmol/cm 2 , meaning that, on average, each molecule covers a surface of 280 nm
2 . An optimal concentration in a narrow range was reported by others (10) . According to Polsky-Cynkin et al., at high concentrations, DNA would form networks and only a small part is sterically accessible for the fixation (21) .
To determine the optimal surface density, further hybridization experiments were performed using biotinylated PCR products prepared as described under Materials and Methods (shown in Fig. 3B ). As expected, there was an optimal probe concentration for which a maximum amount of the complementary PCR fragment could be hybridized. This optimum occurs at about 200 nM of the DNA probe solution.
DNA-Binding Kinetics
The biochips technology uses arrayers for spotting capture probes on glass surfaces. The spotting is per- formed by pins which dispense a very small volume of liquid on the surface (in the range of 1 nl). Because such a small volume evaporates quickly, the chemical coupling of the capture probe must be obtained within a few seconds. It was therefore important to evaluate the kinetics of the reaction. DNA-binding kinetics was performed by varying the fixation time of 5 l of capture probes as shown in Fig. 4 . Under the conditions used, there was no significant probe evaporation. A linear relationship was obtained between the surface density and the time of contact. After 2 min, the binding efficiency was about 7% of the value after 4 h.
Sensitivity of the Hybridization on DNA Microarray
The aminated capture probes were applied with a robot in replicates (3 ϫ 3) on aldehyde-derivatized glass slide surfaces. The spots form well-defined circles having a diameter of 400 m. Various concentrations of biotinylated target DNA were hybridized to these arrays under optimized conditions. After the hybridization and washing steps, the microscope slides were incubated with streptavidin labeled with Cy3 and scanned using a confocal fluorescent scanner (Scanarray 3000). Figure 5A shows a composite of fluorescence data obtained from the hybridization experiments. To determine the detection limit of the signal, we performed a quantitative image analysis. The direct accessibility of the fluorescence data in digital form allows easy quantification, comparison, image analysis, and data archiving. In quantitative analysis of the fluorescence image, it is assumed that the amount of fluorescent signal from each spot is proportional to the amount of labeled DNA associated to that particular spot. Under these conditions, it appears reasonable to consider that spots are detectable when the signal-tobackground ratio is equal or greater than 2, which corresponds to a target concentration of 0.01 nM (Fig. 5B) . 
DISCUSSION
In this paper, we compared several surface chemistries which could be used in a DNA microarray setup. DNA was bound with good efficiency to the different activated surfaces: aldehyde, amine, or carboxylic acid glasses. A strong nonspecific binding was observed on the amino surfaces which probably resulted from an electrostatic attraction of DNA on the positively charged surface. For carbodiimide activation, we used a pH of 6.5 which is a compromise between the optimal reactivity of the amine (pH 10 -11) and the optimum carbodiimide activation (pH 4 -5). At pH 6.5, the amino groups of the surface are protonated so that electrostatic attraction between the opposite charged surface and the DNA occurs (7) . This explains that even in the absence of carbodiimide, carboxylated DNA and phosphorylated DNA were found to adhere strongly and nonspecifically to the aminated surface ( Fig. 2A) . On the other hand, surfaces functionalized with carboxylic acid show the lowest nonspecific binding, probably due to the repulsion of the negatively charged surface.
On a neutral hybrophobic surface, such as aldehydederivatized glass, a more complex mechanism for specific or nonspecific binding takes place. At low pH, the DNA bases undergo intensive protonation. That protonation induces a DNA melting that exposes the hydrophobic core of the helix. The affinity between the molecule and the hydrophobic surface is thus enhanced, which accounts for strong nonspecific adsorption obtained at low pH (22) . As the pH increases, denaturation gradually disappears and becomes restricted to the DNA's extremities (23) . Hence, at the pH employed here (pH 6.5), little DNA denaturation takes place and low nonspecific binding was indeed obtained (Fig. 2A) .
The coupling of aminated DNA to glass supports derivatized with aldehyde groups presents several advantages over other methods. One of them is that aminated DNA are directly bound without the help of a coupling agent. Time-consuming reactions and unstable reagents such as coupling activator are avoided, making this procedure well suited for DNA chip technology. The aldehyde-amine condensation leads to the formation of imine groups which are not very stable and must be reduced in stable amines by borohydride treatment. We have also investigated the relative stability of the aldehyde groups over time and have observed that storage in air resulted in the loss of some aldehyde functions due to oxidation into carboxylic acid groups (data not shown).
By limiting the capture probe density to about 200 fmol/cm 2 , we obtained high hybridization yield directly transposable to the hybridization on DNA microarrays with a detection limit of 0.01 nM of target DNA (Fig.  5B ). In such hybridization reactions, the capture probe concentrations are at least 10 times greater than that of the target DNA. This explains the pseudo-first-order reaction kinetics obtained since the hybridization yield is largely determined by the target concentration. Thus a twofold increase in target concentration produces a twofold increase in signal (24) . Pseudo-first-order conditions greatly improve quantitation by minimizing the effects of minor differences in capture probe concentration caused by imprecision in microarray manufacturing methods. Efficient microdeposition strategies used in conjunction with the robust aldehyde-amine coupling chemistry allow the preparation of microarrays having a high capture probe concentration, therefore displaying pseudo-first-order kinetics over a wide range of target concentrations.
The biochips are tools of the genomic field. They are applied to follow the expression pattern of genes associated with a pathology or to detect new molecular drug targeting but they can also be applied to the diagnosis of pathogens. They are still to be adapted for high throughput screening. As shown here, such DNA chips can be used with nonradioactive labeling and quantitatively assayed for the desired genetic information. 
